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We report the first results on a direct search for a new 16.7 MeV boson (X) which could explain the
anomalous excess of e+e− pairs observed in the excited 8Be∗ nucleus decays. Due to its coupling to
electrons, the X could be produced in the bremsstrahlung reaction e−Z → e−ZX by a 100 GeV e−
beam incident on an active target in the NA64 experiment at the CERN SPS and observed through
the subsequent decay into a e+e− pair. With 5.4×1010 electrons on target no evidence for such decays
was found, allowing to set first limits on the X−e− coupling in the range 1.3×10−4 . e . 4.2×10−4
excluding part of the allowed parameter space. We also set new bounds on the mixing strength of
photons with dark photons (A′) from non-observation of the decay A′ → e+e− of the bremsstrahlung
A′ with a mass . 23 MeV.
PACS numbers: 14.80.-j, 12.60.-i, 13.20.-v, 13.35.Hb
The ATOMKI experiment of Krasznahorkay et al. [1]
has reported the observation of a 6.8 σ excess of events in
the invariant mass distributions of e+e− pairs produced
in the nuclear transitions of excited 8Be∗ to its ground
state via internal pair creation. This anomaly can be
interpreted as the emission of a new protophobic gauge X
boson with a mass of 16.7 MeV followed by its X → e+e−
decay assuming that the X has non-universal coupling to
quarks, coupling to electrons in the range 2×10−4 . e .
1.4× 10−3 and the lifetime 10−14 . τX . 10−12 s [2, 3].
It has motivated worldwide theoretical and experimental
efforts towards light and weakly coupled vector bosons,
see, e.g. [4–12].
Another strong motivation to the search for a new light
boson decaying into e+e− pair is provided by the Dark
Matter puzzle. An intriguing possibility is that in ad-
dition to gravity a new effective force between the dark
sector and visible matter, transmitted by a new vector
boson, A′ (dark photon), might exist [13, 14]. Such A′
could have a mass mA′ . 1 GeV, associated with a spon-
taneously broken gauged U(1)D symmetry, and would
couple to the Standard Model (SM) through kinetic mix-
ing with the ordinary photon, − 12FµνA′µν , parametrized
by the mixing strength   1 [15–17]. For a review see,
e.g. [4, 18, 19]. A number of previous beam dump [20–
34], fixed target [35–37], collider [38–40] and rare parti-
cle decay [41–53] experiments have already put stringent
constraints on the mass mA′ and  of such dark pho-
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FIG. 1. Schematic illustration of the NA64 setup to search for the A′, X → e+e− decays.
tons excluding, in particular, the parameter space region
favored by the gµ − 2 anomaly. However, the range of
mixing strengths 10−4 .  . 10−3 corresponding to a
short-lived A′ still remains unexplored. In this Letter we
report the first results from the NA64 experiment specif-
ically designed for a direct search of the e+e− decays of
new short-lived particles in the sub-GeV mass range at
the CERN SPS [54–57].
The method of the search for A′ → e+e− decays is
described in [54, 55]. Its application to the case of the
X → e+e− decay is straightforward. Briefly, a high-
energy electron beam is sent into an electromagnetic (e-
m) calorimeter that serves as an active beam dump. Typ-
ically the beam electron loses all its shower energy in the
dump. If the A′ exists, due to the A′(X) − e− coupling
it would occasionally be produced by a shower electron
(or positron) in its scattering off a nuclei of the dump:
e− + Z → e− + Z +A′(X); A′(X)→ e+e−. (1)
Since the A′ is penetrating and longer lived, it would es-
cape the beam dump, and subsequently decays into an
e+e− pair in a downstream set of detectors. The pair
energy would be equal to the energy missing from the
dump. The apparatus is designed to identify and mea-
sure the energy of the e+e− pair in another calorimeter
(ECAL). Thus, the signature of the A′(X) → e+e− de-
cay is an event with two e-m-like showers in the detector:
one shower in the dump, and another one in the ECAL
with the sum energy equal to the beam energy.
The NA64 setup is schematically shown in Fig. 1.
The experiment employs the optimized 100 GeV electron
beam from the H4 beam line in the North Area (NA) of
the CERN SPS. Two scintillation counters, S1 and S2
were used for the beam definition, while the other two,
S3 and S4, were used to detect the e+e− pairs. The
detector was equipped with two dipole magnets and a
tracker, which was a set of four upstream Micromegas
(MM) chambers (T1, T2) for the incoming e− angle selec-
tion and two sets of downstream MM, gas electron mul-
tiplier (GEM) stations and scintillator hodoscopes (T3,
T4) for measurements of the outgoing tracks [58, 59]. To
enhance the electron identification the synchrotron radia-
tion (SR) emitted by electrons was used for their tagging
allowing to suppress the initial hadron contamination in
the beam pi/e− ' 10−2 down to the level ' 10−6 [57, 60].
The use of SR detectors (SRD) was a key point for the
improvement of the sensitivity compared to the previous
electron beam dump searches [24, 25]. The dump was a
compact e-m calorimeter WCAL made as short as pos-
sible to maximize the sensitivity to short lifetimes while
keeping the leakage of particles at a small level. It was
followed by the ECAL to measure the energy of the de-
cay e+e− pair, which was a matrix of 6× 6 shashlik-type
modules [57]. The ECAL has ' 40 radiation lengths (X0)
and is located at a distance ' 3.5 m from the WCAL.
Downstream of the ECAL the detector was equipped
with a high-efficiency veto counter, V3, and a hermetic
hadron calorimeter (HCAL) [57] used as a hadron veto
and for muon identification with a help of four muon
counters, MU1-MU4, located between the HCAL mod-
ules. The results reported here were obtained from data
samples in which 2.4 × 1010 electrons on target (EOT)
and 3 × 1010 EOT were collected with the WCAL of 40
X0 (with a length of 290 mm) and of 30 X0 (220 mm),
respectively. The events were collected with a hardware
trigger requiring in-time energy deposition in the WCAL
and EWCAL . 70 GeV. Data of these two runs (hereafter
called the 40 X0 and 30 X0 run) were analyzed with sim-
ilar selection criteria and finally summed up, taking into
account the corresponding normalization factors. For the
mass range 1 ≤ mA′ ≤ 25 MeV and energy EA′ & 20
GeV, the opening angle Θe+e− ' 2mA′/EA′ . 2 mrad
of the decay e+e− pair is too small to be resolved in the
tracker T3-T4, and the pairs are mostly detected as a
single-track e-m shower in the ECAL.
The candidate events were selected with the following
criteria chosen to maximize the signal acceptance and
minimize background, using both Geant4 [61, 62] based
simulations and data: (i) There should be only one track
entering the dump. No cuts on reconstructed outgoing
tracks were used; (ii) No energy deposition in the V2
counter exceeding about half of the energy deposited by
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FIG. 2. Distribution of selected e-m neutral (presumably pho-
ton) and signal events in the (EWCAL;EECAL) plane from
the combined 30 X0 and 40 X0 runs. Neutral e-m events are
shown as blue squares. The only signal-like event is shown as
a red square. The dashed band represents the signal box.
the minimum ionizing particle (MIP); (iii) The signal in
the decay counter S4 is consistent with two MIPs; (iv)
The sum of energies deposited in the WCAL and ECAL,
Etot = EWCAL + EECAL, is equal to the beam energy
within the energy resolution of these detectors. Accord-
ing to simulations, at least 30% of the total energy should
be deposited in the ECAL [63, 64]; (v) The showers in the
WCAL and ECAL should start to develop within a few
first X0; (vi) The lateral and longitudinal shape of the
shower in the ECAL are consistent with a single e-m one.
However, for A′s with the energy . 5 GeV the ECAL
shower is poorly described by the single shower shape,
hence the additional cut EECAL > 5 GeV was applied;
(vii) No significant energy deposited in the V3 and/or
HCAL. These cuts were used for rejection of events with
hadrons in the final state. As in the previous analyses
[56, 57] a clean sample of ' 105 rare µ+µ− events pro-
duced in the dump was used for the efficiency corrections
in the simulations, which do not exceed 20%. A blind
analysis of data was performed, with the signal box de-
fined as 90 < Etot < 110 GeV and by using 20%(100%)
of the data for the selection criteria optimization (back-
ground estimate).
There are several processes that can fake the A′ →
e+e− signal. Among them, the two most important were
expected either from decay chain K0S → pi0pi0;pi0 →
γe+e− of K0S produced in the WCAL or from the γ →
e+e− conversion of photons from K0S → pi0pi0 → pi0 →
γγ decays in the T3 plane or earlier in the beamline.
Another background could come from the K0S → pi+pi−
hadronic decays that could be misidentified as an e-m
event in the ECAL at the level . 2.5 × 10−5 evaluated
from the measurements with the pion beam. The lead-
ing K0 can be produced in the dump either by misiden-
tified beam pi−,K− or directly by electrons. The back-
ground from the K0S decay chain was estimated by us-
ing the direct measurements of the K0S flux from the
dump with the following method. It is well known
that the K0 produced in hadronic reactions is a lin-
ear combination of the short- and long-lived components
|K0 >= (|K0S > +|K0L >)/
√
2. The flux of K0 was evalu-
ated from the measured ECAL+HCAL energy spectrum
of long-lived neutral hadrons selected with the require-
ment of no signal in V2 and S4, taking into account cor-
rections due to the K0S decays in-flight. The main frac-
tion of ' 103 events observed in the HCAL were neutrons
produced in the same processes as K0 in the WCAL. Ac-
cording to simulations, . 10% of them were predicted
to be other neutral hadrons, i.e. Λ and K0, that were
also included in the data sample. The conservative as-
sumption that ' 100 K0 were produced allows us to cal-
culate the number of K0S from the dump and simulate
the corresponding background from the K0S → pi+pi−
and K0S → pi0pi0;pi0 → γe+e− decay chain, which was
found to be . 0.04 events per 5.4× 1010 EOT. To cross-
check this result another estimate of this background was
used. The true neutral e-m events, which are presumably
photons, were selected with requirements of no charged
tracks, i.e. no signals in V2 and S4 counters, plus a sin-
gle e-m like shower in the ECAL defined by cuts cuts
(v)-(vii). Three such events were found in the signal box
as shown in Fig. 2. Using simulations we calculated
that there were ' 150 leading K0 produced in the dump,
which is in a reasonable agreement with the previous es-
timate resulting in a conservative K0S background of 0.06
events. The µ, pi and K mistakenly tagged as e−s [60]
could also interact in the dump though the µZ → µZγ
or pi,K charge-exchange reactions, accompanied by the
poorly detected scattered µ, or secondary hadrons. The
TABLE I. Expected numbers of background events in the
signal box estimated for 5.4× 1010 EOT.
Source of background Events
e+e− pair production by punchthrough γ < 0.001
K0S → 2pi0;pi0 → γe+e−;γ → e+e−; K0S → pi+pi− 0.06± 0.034
piN → (≥ 1)pi0 + n+ ...;pi0 → γe+e−;γ → e+e− 0.01± 0.004
pi− bremsstrahlung in the WCAL , γ → e+e− < 0.0001
pi,K → eν, Ke4 decays < 0.001
eZ → eZµ+µ−;µ± → e±νν < 0.001
punchthrough pi < 0.003
Total 0.07± 0.035
misidentified pion could mimic the signal either directly
(small fraction of showers that look like an e-m one) or by
emitting a hard bremsstrahlung photon in the last layer
of the dump, which then produces an e-m- shower in the
ECAL, accompanied by the scattered pion track. An-
other background can appear from the beam pi → eν de-
cays downstream the WCAL. The latter two backgrounds
can pass the selection only due to the V2 inefficiency
(' 10−4), which makes them negligible. The charge-
exchange reaction pi−p → (≥ 1)pi0 + n + ... which can
4occur in the last layers of the WCAL with decay photons
escaping the dump without interactions and accompanied
by poorly detected secondaries is another source of fake
signal. To evaluate this background we used the extrap-
olation of the charge-exchange cross sections, σ ∼ Z2/3,
measured on different nuclei [65]. The contribution from
the beam kaon decays in-flight K− → e−νpi+pi−(Ke4)
and dimuon production in the dump e−Z → e−Zµ+µ−
with either pi+pi− or µ+µ− pairs misidentified as e-m
event in the ECAL was found to be negligible.
Table I summarizes the conservatively estimated back-
ground inside the signal box, which is expected to be
0.07 ± 0.034 events per 5.4 × 1010 EOT. The dominant
contribution to background is 0.06 events from the K0S
decays, with the uncertainty dominated by the statisti-
cal error. In Fig. 2 the final distributions of e.m. neutral
events, which are presumably photons, and signal candi-
date events that passed the selection criteria (i)-(iii) and
(v)-(vii) are shown in the (EECAL;EWCAL) plane. No
candidates are found in the signal box. The conclusion
that the background is small is confirmed by the data.
The combined 90% confidence level (C.L.) upper limits
for the mixing strength  were obtained from the corre-
sponding limit for the expected number of signal events,
N90%A′ , by using the modified frequentist approach, tak-
ing the profile likelihood as a test statistic [66–68]. The
NA′ value is given by the sum :
NA′ =
2∑
i=1
N iA′ =
2∑
i=1
niEOT 
i
totn
i
A′(,mA′) (2)
where itot is the signal efficiency in the run i (30 X0 or
40 X0), and n
i
A′(,mA′) is the number of the A
′ → e+e−
decays in the decay volume with energy EA′ > 30 GeV
per EOT, calculated under assumption that this decay
mode is predominant, see e.g. Eq.(3.7) in Ref. [55].
Each i -th entry in this sum was calculated by simu-
lating signal events for the corresponding beam running
conditions and processing them through the reconstruc-
tion program with the same selection criteria and effi-
ciency corrections as for the data sample from the run-i.
The A′ efficiency and its systematic error were deter-
mined to stem from the overall normalization, A′ yield
and decay probability, which were the A′ mass depen-
dent, and also from efficiencies and their uncertainties
in the primary e−(0.85 ± 0.02), WCAL(0.93 ± 0.05),
V2(0.96± 0.03), ECAL(0.93± 0.05), V3(0.95± 0.04), and
HCAL(0.98± 0.02) event detection. The later, shown as
an example values for the 40 X0 run, were determined
from measurements with e− beam cross-checked with
simulations. A detailed simulation of the e-m shower
in the dump [63] with A′ cross sections was used to cal-
culate the A′ yield [64, 69, 70]. The . 10% difference
between the calculations in Ref.[64] and Ref.[69, 70] was
accounted for as a systematic uncertainty in nA′(,mA′).
In the overall signal efficiency for each run the acceptance
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FIG. 3. The 90% C.L. exclusion areas in the (mX ; ) plane
from the NA64 experiment (blue area). For the mass of
16.7 MeV, the X − e− coupling region excluded by NA64
is 1.3× 10−4 < e < 4.2 × 10−4. The allowed range of e ex-
plaining the 8Be* anomaly (red area) [2, 3], constraints on the
mixing  from the experiments E141 [22], E774 [25], BaBar
[40], KLOE [45], HADES [48], PHENIX [49], NA48 [51],
and bounds from the electron anomalous magnetic moment
(g − 2)e [71] are also shown.
loss due to pileup (' 7% for 40 X0 and ' 10% for 30 X0
runs) was taken into account and cross-checked using re-
constructed dimuon events [57]. The dimuon efficiency
corrections (. 20%) were obtained with uncertainty of
10% and 15%, for the 40 X0 and 30 X0 runs, respectively.
The total systematic uncertainty on NA′ calculated by
adding all errors in quadrature did not exeed 25% for
both runs. The combined 90% C.L. exclusion limits on
the mixing  as a function of the A′ mass is shown in
Fig. 3 together with the current constraints from other
experiments. Our results exclude X-boson as an expla-
nation for the 8Be* anomaly for the X − e− coupling
e . 4.2× 10−4 and mass value of 16.7 MeV, leaving the
still unexplored region 4.2 × 10−4 . e . 1.4 × 10−3 as
quite an exciting prospect for further searches.
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